Heat transfer performance of refrigerant R134a was studied during spray cooling. The effect of the nozzle-to-surface distance on the overall heat transfer performance has been experimentally investigated in this paper. A plain circular horizontal copper surface heated by a cartridge heater was cooled by refrigerant R134a flowing through the nozzle in a spray chamber. Experimental spray chamber is integrated into a single stage refrigeration system. Several experiments were performed with different nozzle inlet pressure to determine the effect of the nozzle-to-surface distance on the critical heat flux and the heat transfer coefficient in a spray cooling at elevated pressures. It was found that the nozzle-to-surface distance has a significant effect on the spray coverage area of the surface that has a direct effect on the critical heat flux and the heat transfer coefficient. The results showed that as the distance between the nozzle and the surface increased the critical heat flux and the heat transfer coefficient increase. The maximum heat flux observed in the experiment was 136.8 W/cm 2, and the maximum heat transfer coefficient was 48.8 kW/m 2 .K when the nozzle-to-surface distance and the nozzle inlet pressure were 23mm and 8 bar respectively.
INTRODUCTION:
In the recent years, the electronic sector has witnessed a magnificent proceeding in the manufacturing and fabricating of the electronic parts, where the size has shrunk, the efficiency became much higher than the previous generations and, however, the heat generated become far higher than before. Consequently, for high-power electronic devices, the conventional heat dissipation techniques or thermal management methods becomes not efficient enough to handle the high heat flux generated by the electronic device. Moreover, for electrical applications like electric cars, many parts like batteries and electronic parts need efficient heat dissipation system to maintain them functioning efficiently. There are many thermal management techniques; some of them are passive such as natural convection, heat sink, and the heat pipe, and some of them are active such as forced convection, flow boiling, pool boiling and spray cooling. Generally, for applications that generate heat higher than 100 W/cm 2 , singlephase liquid cooling systems are not efficient enough to be used as a cooling system in these applications [1] . Therefore, the need of alternative cooling system becomes urgent. Recently, spray cooling has attracted more attention by the researchers due to its high cooling efficiency. The heat transfer mechanisms have not been fully understood due to the complicity in heat transfer modes involved in the process such as evaporation, transient conduction, nucleate boiling and secondary nucleation. There are two types of spray system; one is the open-loop system and the second one is the closed-loop system.
The open-loop is usually used in applications where the surface temperature is above the Leidenfrost temperature. The working fluid, usually water, is not circulating in the system; and that is because during the spray process a significant amount of the working fluid evaporates and, for economic reason, it is not beneficial to recondense the vapor because the cost of condensation will be relatively high. The closed loop spray cooling system is used in applications with lower surface temperature, lower than Leidenfrost temperature. Unlike the open loop system, the working fluid is circulating in a closed loop, and it is usually a die-electric fluid. Closed-loop spray cooling system is suitable for electronics, aerospace, medical devices, laser and electrical applications.
LITERATURE REVIEW:
Early studies on spray cooling focused on high-temperature cooling applications such as metal manufacturing operations. A remarkable shifting had happened in the type of spray cooling research was during the last three decades. Implementing spray cooling technique in low-temperature applications has gained more attention from thermal management researchers. However, the spray cooling studies in the literature for low-temperature applications is relatively sparse [2] . Spray cooling has been studied by researchers from several different sides. The influence of operating parameters such as system pressure, flow rate, working fluid, nozzle characteristics and surface enhancement have been investigated by many researchers [1] [3] . However, recently some researchers have proposed the using of refrigerant as a working fluid and combining the spray cooling with a refrigeration system. Chunqiang et al. [4] , have proposed a spray cooling system integrated into a refrigeration system. In fact, the spray cooling system served as an evaporator in their experiment, and dielectric refrigerant R134a was used as a working fluid. A critical heat flux of 110 W/cm 2 and a heat transfer coefficient of 30,000 W/cm 2 were obtained in their experiment for different nozzle inlet and evaporator pressure. The influence of chamber pressure of R134a has been studied by Liu J. et al. [5] , their results showed that the chamber pressure has a significant effect on the CHF and the surface temperature due to its' effect on the saturation temperature of the working fluid. Martínez-Galvan et al. [6] , have conducted an experiment to study the effect of spray cone angle of refrigerant R134a on the thermal performance of the spray cooling. They found that the decreasing of the spray cone is declining the thermal performance of the spray cooling. However, the film thickness of the fluid over the targeted surface is increasing as the spray cone angle decreases. The effect of the volumetric flow rate of R134a has been experimentally investigated by Yu Hou et al. [7] , their results showed that the volumetric flow rate has a significant impact on the CHF. The high volumetric flow rate increases the CHF by decreasing the dray out area. Moreover, Mudawar and Estes [8] , experimentally investigated the effect of the nozzle to surface distance on the critical heat flux for two fluids FC-72 and FC-87 and developed a correlation to estimate the distribution of the volumetric flux over the targeted surface. They found that the maximum heat flux can be reached when the spray impact area covers the whole area of the targeted surface. Xuan Gao and Ri Li [9] , have performed experiment to study the influence of the nozzle position, distance, and inclination, on the single-phase spray cooling using water as a working fluid. Their results showed that the nozzle position has a significant impact on the volumetric flux, which influences the spray cooling performance. Moreover, they found that the optimum distance between the nozzle and the impacted surface to get the best cooling performance is smaller than the required distance for covering the entire heater area. The main goal of this study is to experimentally investigate the effect of the nozzle to surface distance on the CHF and heat transfer coefficient of a spray cooling combined in a refrigeration system by using R134a as a working fluid. To the authors knowledge, this study has not been covered by researcher in the literature for refrigerant R134a serving a working fluid in a spray cooling combined in a refrigeration system. Also, the influence of nozzle inlet pressure will be studied as well in this work. Fig. 1 shows a schematic diagram and pictures of the experimental system that has been built to simulate a spray cooling system integrated into a refrigeration system. The experimental setup consists of three parts, refrigeration system, spray system and data Aquisition system. 
EXPERIMENTAL SYSTEM AND PROCEDURE:

The Refrigeration system:
The refrigeration system is a standard vapor compression refrigeration system that contains four main components compressor, condenser, expansion valve and evaporator in addition to some accessories such as valves, filter and sight glass. Refrigerant R134a was selected to be the working fluid in this experiment; Table 1 , shows the thermal and physical properties of the selected working fluid [10] . The compressor is a 12V DC variable speed compressor from Master-Flux with a total cooling capacity around 5900 BTU. The condenser is a tube in tube water-cooled heat exchanger, and the evaporator is a finned tube air-cooled heat exchanger. The expansion valve that used in this system is a capillary tube. Also, a sub-cooling tube in tube heat exchanger has used after the condenser to ensure that the refrigerant is entirely liquid before it enters the spray chamber or the evaporator. A bypass line was added to the system to control the flow rate inside the system. The flow rate was measured by a positive displacement flow meter that attached to the liquid line after the condenser. The liquid line has separated into two lines; one goes to the evaporator, and the other one goes to the spray chamber. Ball valves have Sub-cooling heat exchanger been used to control the flow direction of the refrigerant. Four pressure transducers have been used to measure the high pressure, low pressure and pressure drop of the refrigeration system.
The Spray Cooling System:
The spray cooling system consists of three parts the spray nozzle, the spray chamber and the heating element. Fig. 2 shows a schematic diagram of the spray system. First, the spray nozzle that used in this experiment is a commercial full cone nozzle from Spraying Systems company with 0.56 mm throat diameter. The nozzle has installed on a moveable tube to adjust the distance between the nozzle and the targeted surface. The distance between the nozzle throat and the targeted surface was measured by using a micrometer. A pressure transducer and thermocouple were connected to the nozzle inlet tube to measure the pressure and the temperature of the upstream liquid. The refrigerant flow was controlled by a needle valve installed in the upstream line of the nozzle. Second, the spray chamber is fabricated from stainless steel to handle the high operating pressure of the system. The chamber has one inlet and two outlets one on the top of the chamber and the other one on the bottom. The inlet is connecting the spray nozzle with the liquid line of the refrigeration system and the outlet in the bottom is linked to the evaporator, while the outlet on the top is coupled to the suction line. The reason of having two outlets is to have more control the chamber pressure by having a control on the liquid phase on the chamber bottom and the vapor phase on the top. Also, Two view windows with (5 inches) view diameter are attached to the spray chamber to visualize and monitor the spray process. Moreover, a pressure transducer and thermocouple are attached to the spray chamber to measure the fluid saturation pressure and the temperature inside the chamber. Finally, the heating element is fabricated from free oxygen copper block and surrounded by insulation to ensure one-dimensional heat flow through the targeted surface. The copper block was heated by one caratage heater with a capacity of 1000 W, which attached to a hole extended from the bottom to the middle of the copper block as shown in Fig. 3 (a) . As shown in Fig. 3 (b) , eight thermocouples were used to measure the temperature distribution near the targeted surface of the copper block. The thermocouples were divided into two sets, and each set has four thermocouples. The thermocouples were embedded horizontally close to the center of the copper block. 
Data Acquisition System:
The pressure, temperature and flow rate measurements of the experimental system are recorded using a data acquisition system from National Instruments DAC system and Lab-View software. The pressure transducers, thermocouples, and the flow meter are connected to the Lab-View program through the DAC system. All the measurements are taken instantaneously and saved into an Excel file.
System Loop:
The loop starts when the low-pressure and low-temperature vapor of refrigerant R134a enters the compressor at which the vapor undergoes a compression process and, as a result, the vapor pressure and temperature rises. Then, the high pressure and high-temperature vapor refrigerant enter the condenser. The refrigerant undergoes a phase change process from vapor into a liquid by losing heat to the cooling medium, which is water in this experiment. The condensation pressure will remain constant during the condensation process but there will some pressure drop due to the friction inside the pipe. The refrigerant exits from the condenser as a saturated liquid then it flows to the sub-cooling heat exchanger where it will reject more heat to ensure that there is no vapor left. The heat exchanger is exchanging heat with the suction line vapor. The use of the heat exchanger has two benefits; first, to ensure that the refrigerant becomes entirely liquid and, second, to make sure that the suction line is entirely vapored before it enters the compressor. Then, the liquid refrigerant flows through the spray nozzle to the spray chamber and hit the targeted surface. The nozzle will break up the liquid refrigerant into very fine droplets inside the spray chamber. Consequently, there is a pressure drop between the nozzle inlet pressure and the spray chamber due to the expansion process through the nozzle. Once the refrigerant hits the heating surface, a portion of the refrigerant droplets will evaporate due to the heat exchanging, and the remaining portion will form a liquid film over the surface. Then, due to the continuous flow of the working fluid over the surface, some liquid accumulates in the bottom of the spray chamber. Both the accumulated liquid and the generated vapor inside the chamber will flow back to the refrigeration system to the evaporator. The evaporator pressure it less than the chamber pressure and the nozzle inlet Cartridge heater hole Thermocouples holes ΔX1 ΔX2 pressure is less than the condenser pressure. Therefore, technically, there are four different pressure inside the experimental system. As mentioned before, the nozzle inlet pressure and the chamber pressure are controlled by needle valves c and e as shown in Fig. 1. 
Experiment Procedure:
Before each set of experiment, the distance between the nozzle and the surface was adjusted. Three nozzle-to-surface distances have been selected for this study, 5 mm, 15 mm, and 23 mm, where the 23 mm is the distance at which the spray cone covers the whole area of the targeted surface. For each experiment the following procedures were followed: 1-First, The refrigeration system is turned on, and the refrigerant starts circulating inside the closed loop of the refrigeration system until the operating pressure reading reaches the steady state. 2-Then, the spray system will be linked into the refrigeration system by opening valve c and e and closing valve d shown in Fig. 1 . 3-The inlet nozzle inlet pressure and the chamber pressure are regulated by valve c and e respectively, until reaching the desired nozzle inlet pressure and chamber pressure. The chamber pressure can be regulated by changing the compressor speed if needed. Also, a bypass line with a needle valve f as shown in Fig. 1 , has been added to the refrigeration system to control the system flow rate if needed as well. 4-After setting the required pressures, the power supply is adjusted to provide power to the heating element. 5-After reaching the steady state, which usually 25 to 30 min after supplying heat, the temperature reading become steady, and the data acquisition system turned on and starting taking data for about 30 min, and then the power input to the will be increased by adjusting the AC power supply. 6-Step 5 will be repeated until the critical heat flux is reached. After reaching the CHF, the power supply will turn off immediately, and the system will continue in operation until the surface temperature decreases to the lower level. Then, the refrigeration system will turn off by shutting down the compressor.
Data Reduction and Uncertainty Analysis:
The one-dimensional heat transfer analysis Eq. (1), or what is so-called Fourier law of conduction heat transfer has been used to calculate the heat flux on the heating surface. Since the heating element, the copper block is completely insulated from all sides except the targeted surface at the top, Eq. (1). is valid.
Where, Δ (1−2) is the temperature difference between the avarage measured temperature at the two sets of thermocouples that embeded underneth the targeted surface. The heating surface tempreture Ts was calculated using the following equation Eq. 2:
The heat transfer coefficient was calculated using Newtons' law of convective heat transfer, as shown in the following expression, Eq. (3):
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Also, the Weber and Reynolds number and the Sauter mean diameter were calculated using the following equations respectively [11] :
Where, Δ is the temperature difference bwtween surface tempreture Tw and the saturation temperature. The wall tempreture was extrapolated from the heat flux calculated in Eq. (1) and the meaured temperature of the thermocoupls near the surface. Also, the saturation temperature Ts was estimated from the chamber pressure.
The uncertainty of the heat flux, surface temperature, and heat transfer coefficient were calculated based on the expression shown in Eq. (7) [12].
By applying equations (1), (2) and (3) on Eq. (7) the uncertainty of the heat flux, surface temperature, and heat transfer coefficient can be calculated from the equations respectively:
The uncertainty values of the thermocouples, pressure transducer and the flow meter were taken from the datasheet of the manufacturer. All the thermocouples, pressure transducers, and flow meter were bought from Omega engineering. A K-type thermocouple was used in this experiment with ±0.4% uncertainty in the reading. The uncertainty of the pressure transducer was ±0.25% and ± 0.5% for the flow meter. The error of the distance measurement between thermocouple was ±0.1% as a result of several measurements for the same distance. According to equations (8) , (9) and (10), the error of the heat flux, surface temperature, and the heat transfer coefficient were 1%, 0.9%, and 1.4% respectively.
RESULTS AND DISCUSSION:
The performance of refrigerant R134a serving as a working fluid in a spray cooling combined in a refrigeration system was experimentally investigated. Three nozzle-to-surface distance 5 mm, 15 mm and 23 mm and two nozzle inlet pressure 7 bar and 8 bar were chosen to be the study parameters. The volumetric flow rate was 0.04203 gals/min when the inlet pressure was 7 bar and 0.0507 gals/min when the nozzle inlet pressure was 8 bar. The chamber pressure was held at 4 bar through all experiments performed in this work.
The Nozzle to Surface Distance:
The critical heat flux. Fig. 4 (a) and (b) show the boiling curves of R134a under different nozzle-tosurface distance and different nozzle inlet pressure with chamber pressure held constant during the experiment. The heat flux and the CHF were significantly enhanced as the distance between the nozzle and the surface increased. The impacted surface area is directly proportional to the nozzle-to-surface distance; and as the impacted area increases the amount of heat removing area increases too. The impacted area can be identified as the area covered by the spray cone and directly impacted by the spray droplet, and it has a direct influence on the mean volumetric flux. The mean volumetric flux is defined as the total volumetric flow rate of the liquid divided by the impacted area [1] . As the impacted area of the spray cone increase the volumetric flux decreases. Smaller volumetric flux means the fluid droplets distributed all over the impacted area, and not accumulated over a small portion of the area. Meanwhile, the expanding of the impacted area will speed up the cooling process by extending the wetted area, which means more fluid will flows over the surface. Hence, the fluid evaporation, nucleation sites, and secondary nucleation areas will grow rapidly until reaching the CHF where the whole targeted area will dry out, and the temperature of the surface rises fiercely. The optimum nozzle-to-surface distance had found to be the distance at which the heater surface is totally covered by the spray and that happened when the distance was 23 mm. The maximum CHF that had been reached was 136.8 W/cm 2 when the nozzle-to-surface distance was 23 mm, the inlet pressure was 8 bar, the total volumetric flow rate was 0.0507 gals/min, and the chamber pressure was 4 bar.
The heat transfer coefficient. Since the heat flux is greatly influenced by the distance between the nozzle and the surface, the heat transfer coefficient, consequently, is affected too. Fig. 5 (a) and (b) indicate that for low heat flux the heat transfer coefficient is low and the distance between the nozzle and the surface has a slight effect on the heat transfer coefficient because the evaporation mode is dominating. Once the heat flux and the surface temperature exceed the saturation threshold of the working fluid saturation limit, the heat transfer coefficient starts to increase fiercely due to the phase change and the domination of the nucleate boiling and direct evaporation mode over other heat transfer mechanism. Fig. 5 also shows that the heat transfer coefficient is higher for large nozzle-to-surface distance due to the increase of the impacted area, which increases the number of the nucleation sites. Consequently, as the number of nucleation sites increases the bubble generation in liquid film over the targeted surface will increase as well, which is useful for heat transfer coefficient enhancement. However, the rise in the surface temperature will increase the evaporation rate to a point where dry sites start to form over the heater surface and, as a result, the heat transfer coefficient will drop. Therefore, the optimum heat transfer coefficient occurs in the region between the single-phase edge and the CHF point. The maximum HTC was 48.8 kW/m 2 .K when the nozzle inlet pressure was 8 bar, and the nozzleto-surface distance was 23 mm.
The Effect of The Nozzle Inlet Pressure:
The critical heat flux. The experimental results showed divers influence of the nozzle inlet pressure.
The increment in the inlet pressure had enhanced the overall cooling performance of the spray cooling as shown in Fig. 6 However, in one hand, the CHF was enhanced slightly for the lowest distance, 5 mm, and for the distance of the full coverage, 23 mm. On the other hand, there was a remarkable enhancement in the CHF where the maximum heat flux was 103.49 W/cm 2 for 7 bar of inlet pressure and the CHF reached 123.78 W/cm 2 when the nozzle inlet pressure raised to 8 bar. The increase in the inlet pressure will change not only the volumetric flow rate but also the spray characteristic such as Weber number, droplet diameter and the cone angle. The enhancement in the cooling performance for all distances between the nozzle and the surface is due to the increase in the flow rate and the decreasing of the droplet diameter. The droplet size plays a significant rule in the evaporation process of the spray cooling, where smallest droplet size will speed up the evaporation of the droplet. However, the CHF was only enhanced when the distance was 15 mm because the CHF influenced by the number of the nucleation sites. The coverage area in the spray cooling is important as has been explained in the previous section. The nucleation sight increases as the coverage area increases and as a result the CHF will enhance. However, in case of full coverage any increase in the coverage area will be outside the boundary of the targeted surface. Therefore, the CHF was increased slightly by about 2 W/cm 2 . Meanwhile, in case of the small distance, the 5 mm, the scenario is fairly different, where the increase in the cone angle did not help much in the enhancement of the CHF because the film thickness in the covered area will increase due to the accumulation of the droplet. The increase in the film thickness will form a resistance to the form of the nucleation site inside the covered area and the evaporation mode will dominate the heat transfer mechanism inside the covered area. As a result, the area outside the spray cone coverage will be larger than the inside and that means the dry out area is likely to be higher than the wetted area, which will not help in increasing of the CHF.
The heat transfer coefficient. As the cooling performance was enhanced for the spray cooling by increasing the nozzle inlet pressure, the heat transfer coefficient (HTC) was enhanced too. Fig. 7 showed a comparison between the HTC when the inlet pressure was 7 bar, the dashed line, and when the inlet pressure had increased to 8 bar, the sold line. The result showed enhancement in all different distances between the nozzle and the surface. The enhancement in the HTC is related to the enhancement of both evaporation process and the nucleation process due to the increase in the flow rate and the decreasing. Also, the increase in the inlet pressure will increase the pressure difference across the nozzle. The increase in the pressure difference will increase the velocity of the droplet and, as a result, the flow turbulent will increase as shown in Eq. (5); also, the Weber number and the droplet size will increase as shown in Eq. (4) and (6), respectively. The increasing of the turbulent and the droplet size has a significant impact on the overall spray cooling performance due to their effect on the heat transfer mechanisms, and as a result on the HTC. 
